We report on demonstration of high energy pulse laser at 2 μm by employing a normal dispersion fiber attained by a waveguide dispersion engineering. The normal dispersion fiber has a W-type refractive index profile, with a Thulium(Tm)-doped core. In contrast to a strong anomalous dispersion at 2 μm in a step-index fiber, the design allows strong waveguide dispersion that can generate normal dispersion at the Tm emission band. Mode area scalability of this fiber is discussed under the normal dispersion requirement. The Tm-doped fiber (TDF) is deployed in a ring cavity to produce mode-locked pulses near 2 μm. Subsequently, the pulse is amplified with more than 27 dB gain through the normal dispersion TDF. The output pulse energy reaches up to ∼525 nJ at 1852 nm without pulse breaking due to the engineered dispersion. The achieved pulse energy is record high for all-fiber configuration near 2 μm, to our knowledge.
Introduction
A 2 μm laser offers a myriad of unique material processing applications compared to the conventional 1 μm wavelength. Firstly, most semiconductors are transparent at 2 μm wavelength, which allows laser to focus to specific target layers for micro machining [1] . Secondly, plastic processing would be more efficient as it has much higher absorption at 2 μm [2] . Thirdly, biological tissue processing would also see benefits due to the water absorption peak near to 2 μm wavelength [3] . On the other hand, high energy ultrashort pulses enables precision micromachining by impacting high energy over time periods shorter than the material response time. The ultrafast laser reduces a heat affected zone, thus vastly increasing the quality of micromachining [4] . Hence, the confluence of these advantages, 2 μm high energy ultrashort pulses have the potential to bring precision processing and micromachining applications to other exotic non-metallic materials which is beyond what 1 μm pulsed laser can offer.
Conventional ultrafast fiber laser at 2 μm relies on Thulium(Tm)-Doped-Fibers (TDFs) whose dispersion is conventionally anomalous at 2 μm. With the anomalous dispersion, pulse energy scaling is fundamentally limited due to soliton fission, defined by the soliton area theorem [5] . This limitation has hindered progress of 2 μm ultrafast fiber laser. To avoid the pulse breaking-up, chirp pulse amplification (CPAs) has to be employed to obtain power above the limited soliton energy. Fig. 1 summarizes the recent progress of ultrafast pulse energy at 2 μm. Clearly, the chart suggests pulse energy scaling above 100 nJ requires CPA. Specialty fibers such as Tm:ZBLAN [6] , Tm:PCF fiber [7] , or large mode area (LMA)-TDF [8] , [9] have been often utilized for high energy demonstration with free space coupling. On the other hand, the maximum pulse energy achieved from all-fiber system stays around 50 nJ [10] . Further energy scaling should rely on multiple stages of CPA, depending on required energy, which extremely complicates architecture. Alternatively, it is possible to maintain a net cavity dispersion as normal dispersion to increase the pulse energy [11] , [12] . The net normal dispersion cavity relies on introducing very long normal dispersion passive fiber, e.g., ultra-high-NA (UHNA) fiber, to compensate the anomalous dispersion from Tm fiber [13] . However, optical gain is still generated through the anomalous TDF, the net normal dispersion does not completely remove pulse breaking [14] .
To respond to this problem, there was also an attempt to develop a normal dispersion Tm fiber by changing the material dispersion in [20] , but the resultant pulse energy was low. Thus, it is obvious to have an efficient normal dispersion TDF for the interest of pulse energy scaling in a compact and robust all-fiber architecture. Here, we report a design and fabrication of a Normal Dispersion Tm-doped Fiber (NDTF) with a W-type refractive index profile (RIP) which unlike micro-structured fiber can enjoy a full access to fiber components made of a Single-Mode Fiber (SMF) to build a fiberized system. A mode-locked laser is achieved using a saturable absorber. Further, we built an all-fiber amplifier using the NDTF to extract pulse energy of ∼525 nJ without pulse breaking. To our knowledge, this is the highest pulse energy from an all-fiber architecture at the 2 μm region, as compared to previous reports of <4 nJ pulse using a normal dispersion TDF [20] , and 50 nJ pulse energy using a commercial anomalous Tm fiber [10] .
Fiber Design and Fabrication

Refractive Index Profile (RIP) Design
Fiber dispersion is determined by material dispersion and waveguide dispersion. While it is very limited to adjust the material dispersion in a silica fiber, the waveguide dispersion is considerably engineerable by modifying fiber parameters such as a core size, a core NA [23] or micro-structuring [24] , which enhances the interaction of an evanescent field of a guided mode with cladding [23] . We first explore a simple step-index design to achieve the desired dispersion property at 2 μm. Fig. 2 (a) represents the step-index profile with two important parameters of a core index difference, n cor e , and a core radius, r1. To have a reasonable pump absorption, a certain amount of Tm concentration is necessary in the core together with sufficient Aluminum (Al) to avoid concentration quenching [25] . In a conventional modified chemical vapor deposition (MCVD) process, ∼7 mol% of Al 2 O 3 is achievable through a solution doping technique. Such amount of Al 2 O 3 concentration raises refractive index to 0.015 [26] . Hence, we set n cor e at 0.015 and adjust r1 to study contribution of waveguide dispersion. A silica glass refractive index is assumed for the cladding index, factoring in its material dispersion through Sellmeier's formula [27] .
The influence of r1 on the fiber dispersion is represented in Fig. 2 (b). With decreasing r1 from 2.5 μm to 1.5 μm, the Zero Dispersion Wavelength (ZDW) is shifted to longer wavelengths. However, when r1 reaches 1.8 μm and below, the slope at the longer wavelength steeply increases, indicating leaking of a guided mode. For example, at r1 = 1.5 μm (the blue curve), the guided mode becomes leaky just after the wavelength of 1.6 μm. Hence, a core radius of 1.5 μm is too small for guiding light at 2 μm. It seems the core radius of 2.1 μm is suitable for the desired 2 μm operation but with anomalous dispersion. Hence, this study illustrates the limitation of a normal step index fiber for dispersion control. To enhance waveguide dispersion, a trench cladding [28] such as a W-shaped index profile can be used, as represented in Fig. 3 (a). As before, the core index difference, n cor e , is set at 0.015. In addition, we fix the n tr ench at −0.005, which is practical for the MCVD process with Fluorine (F) dopant. Its corresponding concentration is ∼ 1 mol% if all doped F is assumed to form SiF 4 .
As shown in Fig. 3(b) , with a fixed r1 at 2.2 μm, r2 is varied to adjust a dispersion property. The trench introduces a dip in the dispersion curve due to waveguide dispersion, which enhances normal dispersion at the 2 μm region. The position of the dip in the dispersion curve is indicated in Fig. 3(b) . As r2 increases, the dip becomes more pronounced. For example, at r2 = 5 μm (the purple curve), the dip goes just below −50 ps/nm-km. And at r2 = 6 μm (the teal curve), the dip goes below −100 ps/nm-km. However, a larger dip creates steeper slope at the longer wavelength edge, which indicates leakage. It is concluded that with the set index differences and the core radius, the r2 of 4.6 μm would offer the best compromise for normal dispersion and robust guidance in this design setting.
With the determined r2, we attempt to scale the core size, r1, to increase storable energy. Fig. 4 (a) represents dispersion response to the increasing core size. As expected, the increasing core size reduces the dip in the dispersion curve as it strengthens guidance and reduces evanescent field overlap with the trench. More interestingly, the increasing core size induces red-shift of the dip, resulting in a broader normal dispersion window to operate in exchange of smaller dispersion value. Overall, a larger core size sees a wider normal dispersion range, better guidance, larger storable energy and a smaller dispersion value. Hence, we can conclude that a smaller core is more suitable to build an oscillator because of its larger normal dispersion value.
While r1 decreases or r2 increases, the dispersion curve is developed as a S-shape curve with a hump around 1.6 μm and a dip around 2.2 μm as represented in Fig. 4(b) . Consequently, the S curve generates more than one ZDW. With the consideration of a typical Tm operation range of 1.8-2.0 μm, the parametric studies propose acceptable fiber design parameters that satisfy normal dispersion as well as high optical gain in a TDF. For instance, a trench radius of 5.5 μm (the brown curve in Fig. 4(b) ) is not acceptable because the cross-over (or ZDW) is located in the middle of the Tm operation region. On the other hand, 5 μm of a trench radius (teal curve) enjoys normal dispersion over the entire Tm band. Likewise, the trench radius of r2 = 4.6 μm (green), 4.1μm (purple), and 3.8 μm (yellow) are acceptable. When the radius gets reduces, the normal dispersion turns to anomalous dispersion in the Tm band. With the trench radius of 3.5 μm (the red curve), most of the Tm band experiences anomalous dispersion. And the dispersion becomes entirely anomalous with r2 = 3.2 μm (the navy blue curve) at the Tm band.
We summarize the parametric studies in Fig. 5 . The furthest ZDW (the ZDW at the longest wavelength) serves well as an indicator to judge if the fiber has normal dispersion in the 2 μm region. Hence, the dispersion behavior is monitored by varying r1 and (r2-r1) to achieve the two required conditions: (i) pushing the furthest ZDW as far into the Infra-Red (IR) range as possible, and (ii) ensuring that the hump does not cause the Tm band to go into anomalous dispersion. This parametric sweep reveals the ranges of acceptable core size and trench size for normal dispersion at the Tm band as the circles marked in Fig. 5 .
From Fig. 5 , it was concluded that a core radius can vary in the range of 1.8-2.2 μm. As a larger core size is preferred for better guidance and higher storable energy, we select r1 = 2.2 μm, r2 = 4.6 μm as final design parameters for actual fabrication.
Fiber Fabrication and Characterization
A TDF with the W-type index profile was fabricated by a conventional MCVD process in conjunction with a solution doping method. A silica soot layer was formed by feeding Oxygen and SiCl4 into a silica substrate tube during the MCVD process. The Tm and Al dopants were introduced to the soot via the solution doping technique. The dopants determine refractive index of the core, n cor e . For the trench region, Fluorine (F) dopant precursor was mixed with SiCl 4 to achieve depressed trench index, n tr ench . The fabricated preforms were drawn into two fibers with Outer Diameter (OD) of 130 μm and 145 μm to account for manufacturing tolerance. The fibers will be referred to as A-130 μm and A-145 μm, respectively, in the rest of this paper. An Electron Probe Micro-Analysis (EPMA) was performed on the cross section of the A-130 μm fiber and its results are shown in Fig. 6(a) .
The core absorption of A-145 μm fiber was measured using a cut-back method. A supercontinuum source was employed as a light source and transmitted power through a length of A-145 μm fiber was collected on an optical spectrum analyzer (OSA). The obtained absorption spectrum is presented in Fig. 6(b) . The peak absorption at 1565 nm is 17.65 dB/m. The A-130 μm fiber has the same absorption rate.
The measured refractive index profiles of the fibers are shown in Fig. 7(a) together with the designed profile. Mainly due to diffusion of dopants, the fabricated fibers exhibit discrepancy from the design in the index profile. To accommodate this fabrication tolerance, we draw a few different fiber diameters. A microscope image of the A-130μm fiber is presented as an inset of Fig. 7(a) . We noticed ellipticity in the core. It is a keen interest to see if the deviation from fabrication tolerance can satisfy the normal dispersion requirement. We used the measured fiber RIPs in Fig. 7 (a) to calculate dispersion spectrum in the 2 μm region. Fig. 7(b) shows the calculated dispersion of A-145μm (red solid) and A-130μm (green solid) fibers together with the dispersion curve of the conventional SMF28 (blue) for comparison. The calculated dispersion of SMF28 are ∼18.36 ps/nm-km @1550 nm, ∼22.01 ps/nmkm @1625 nm and ∼35.49 ps/nm-km @1900 nm, which are well matched to measured values of 17 ps/nm-km @1550 nm [29] , 21.27 ps/nm-km @1625 nm [29] and 35 ps/nm-km @1900 nm [30] , hence validating our calculation. We conclude that the W-type fibers, even with the deviation, see normal dispersion at the 2 μm region thanks to the strong waveguide dispersion. In particular, the A-130 μm fiber shifts the ZDW to beyond 2 μm, resulting in normal dispersion in the range of 1800-2000 nm. As compared to A-140 μm fiber, the smaller core induces stronger waveguide dispersion and dispersion value.
We measured the dispersion of the A-145μm and A-130 μm fibers using an interferometric phase method as described in [29] , [31] , [32] . A Mach-Zehnder interferometer was set up as shown in Fig. 8(a) . The length of fiber under test was ∼25 cm and was placed in the test arm. An interferometric fringe spectrum is recorded by an OSA, with a typical fringe as represented in Fig. 8(b) .
The fringes are unwrapped using the algorithm described in [29] to obtain the phase ϕ(λ) as shown in Fig. 8(b) . With the phase, ϕ(λ), the group delay, GD(λ), group velocity dispersion parameter, β 2 (λ), and subsequently dispersion, D(λ), can be obtained by:
where c is speed of light, λ is wavelength, n(λ) = L ai r L ai r ± λ ϕ (λ) 2πL fi b is the effective refractive index, d = |L ai r − n(λ)L fi b | is optical path difference, L ai r is the optical path length in the reference arm, L fi b is the optical path length of fiber arm.
The measured dispersions from the interferometer are shown in Fig. 7(b) with dashed lines. As expected from the calculations based on the fiber RIPs, the two Tm-doped W-type fibers consistently exhibit normal dispersion at the Tm emission band. Considering the ellipticity in index profiles of fabricated fibers (as indicated in the inset of Fig. 7(a) ), the measured results are in reasonable agreement with the calculated results. With this, we decide to use the A-130 μm fiber as our Normal Dispersion Tm Fiber (NDTF) to build a cavity because of its slightly larger normal dispersion value.
Deployment in Ring Cavity Seed Oscillator
A ring fiber laser oscillator of two different configurations is built to test dispersion dependent laser operation at mode-locking regime. A ring cavity design was chosen as it is simple to implement for all-fiber configuration. The A-130 μm fiber was selected as an active fiber in the oscillators. It is worth to mention here the mode-locking techniques for ultrafast fiber lasers. Using a Saturable Absorber (SA) is a popular technique for building mode-locked lasers. There are a number of technical advances of SA materials capable of creating high energy pulses [33] - [36] . Another widely used method is Nonlinear Polarization Rotation (NPR) technique, where an artificial SA effect is created by nonlinear polarization in the cavity. Since NPR utilizes intensity-dependent change in polarization state and does not depend on any physical SA material, the NPR technique can also be utilized to high energy mode-locking applications. Fig. 9 . An experimental setup for both the net anomalous dispersion cavity and also the net closeto-zero-dispersion cavity. For net anomalous cavity, the normal dispersion Tm fiber (NDTF) is ∼2.1 m long, and the SMF28 is ∼9.9 m long. For net close-to-zero-dispersion cavity, the NDTF is ∼2.6 m long, and the SMF28 length is reduced to ∼2.1 m. SA: Saturable Absorber, WDM: Wavelength Division Multiplexer, OC: Output Coupler, ISO: Isolator, OSA: Optical Spectrum Analyzer. 
Net Anomalous Dispersion
First, a ring cavity with net anomalous dispersion was constructed. A schematic of the setup is shown in Fig. 9 . The NDTF has normal dispersion while all the passive fibers including the SMF28 and pigtail fibers have anomalous dispersion.
A 1565 nm single mode laser is used as a pump source for core pumping. It can provide up to 2 W pump light. The pump source is coupled into the cavity via a wavelength division multiplexer (WDM). The isolator ensures unidirectional propagation of a signal beam in the anticlockwise direction. We employed a GaAs based SA with 15% modulation depth at 2 μm for mode-locking. A signal is coupled out through the output coupler with a 10% coupling ratio and its pulse characteristic is diagnosed with the oscilloscope. The cavity contains ∼9.9 m of SMF28 and ∼2.1 m of NDTF. Subsequently, the total cavity dispersion was estimated as 0.296 ps/nm which is net anomalous dispersion. Because of mismatched mode areas between the NDTF and the SMF28, we had to optimize splicing parameters to reduce the splicing loss. Due to the W-type structure, the conventional method of expanding core size by applying arcs was not helpful to splice the dissimilar fibers. Nonetheless, we managed to reduce the splicing loss to a typical value of ∼0.8 dB at each splicing point. Despite a bit higher cavity loss including the splicing loss, the cavity is successfully mode-locked as shown in the oscilloscope trace given in Fig. 10(a) .
The mode-locked pulses were characterized with a 2 μm photodetector connected to an oscilloscope. The repetition rate was measured to be ∼16. 13 MHz This matches to a cavity length of ∼12 m. At 35 dBm of pump power, the average output power was measured to be 37 mW. This corresponds to ∼0.6 nJ of pulse energy. The spectrum measured on OSA is shown in Fig. 10(b) . It has a 3 dB bandwidth of ∼5 nm. 
Net Close-To-Zero Dispersion
In another configuration, the net cavity dispersion was designed to be close to zero. In a net closeto-zero dispersion cavity, the pulse is in the stretched mode and the corresponding pulse spectrum displays a more Gaussian shape with a broad bandwidth. We used the same configuration as in Fig. 9 except the lengths of the fibers are changed for net dispersion control. The length of SMF 28 is reduced to ∼2.1 m and the length of NDTF increases to ∼2.6 m, which leads to total cavity dispersion of 0.003 ps/nm. Lasing is successful with mode-locking as shown in an oscilloscope trace given in Fig. 11(a) .
The measured repetition rate was ∼44 MHz which again matches to a cavity length of ∼4.7 m. At 32 dBm of pump power, the average output power was measured to be 45 mW. Hence, the calculated pulse energy is 1.02 nJ. The output spectrum is Gaussian-like as expected in the close to zero dispersion cavity. Fig. 11(b) shows the spectrum with a 3-dB bandwidth of ∼7 nm. Therefore, we conclude that the fiber indeed offer normal dispersion in the operating wavelength.
Deployment of NDTF in All-Fiber Amplifier
We construct all-fiber amplifier using the NDTF. We describe a cavity that generates soliton pulses, and amplifier for pulse energy scaling of the soliton pulses in a normal dispersion regime.
All-Fiber Seed Oscillator
To generate stable pulses, a ring cavity (seed) laser based on nonlinear polarization rotation (NPR) technique, which is different from the oscillators in Section 3, was employed as illustrated in Fig. 12(a) . The pump block consists of External Cavity Laser (ECL) and Erbium amplifier (Er Amp), offering maximum of 2 W of pump power at 1565 nm. The pump beam is coupled into the cavity by the WDM, providing optical pumping to the 1.5 m NDTF. The Polarization Dependent Isolator (PD ISO) ensures unidirectional propagation in the anti-clockwise direction. Mode-locking was achieved through the NPR technique by adjusting Polarization Controllers 1 and 2 (PC1 and PC2). To achieve stable soliton pulses, the oscillator included 55 m of SMF28. The long cavity helps increase nonlinearity and reduce pulse repetition rate for higher energy scaling. The generated pulses are out coupled through the 10:90 output coupler, which serves as a seed source to the amplifier stage.
We first characterized the seed pulses before being amplified. The seed output average power was measured at 1 mW. The seed output spectrum shows typical Kelly sidebands indicating soliton operation, shown as the blue curve in Fig. 13(a) . The 3 dB bandwidth of the seed spectrum is ∼3 nm, which corresponds to ∼1.2 ps pulse width assuming a sech 2 -shaped pulse. An InGaAs photodetector was used to measure the pulse repetition rate of ∼3 MHz on the oscilloscope, which corresponds to the cavity length of ∼70 m. The oscilloscope trace is shown as the blue curve on Fig. 13(b) . The calculated pulse energy of the seed pulse is ∼0.333 nJ, and corresponding calculated peak power is ∼277 W.
The amplifier (amp) stage setup is shown in Fig. 12(b) . The solitons from the seed oscillator and the 1570 nm pump laser are both coupled into the ∼6 m of NDTF through the WDM. As the 1570 nm pump power is increased from 0.5 W up to 5.6 W, the amp output spectrum evolution is observed to have nearly symmetric spectral broadening on the OSA, shown in Fig. 13(a) . In addition, using the InGaAs photodetector, the oscilloscope trace of the amp output shows an increase of amplitude without change of the repetition rate as presented with the red curve in Fig. 13(b) . Thus, we conclude that the pulse was amplified without breaking-up thanks to the normal dispersion operation. Furthermore, the output power linearly increases with pump power with efficiency of 31.65% as shown in Fig. 14(a) . Fig. 14(b) shows an autocorrelator (AC) trace of the amplified pulse at the maximum power.
No indication of pulse breaking is observed on the AC trace. The Full Width Half Max (FWHM) pulse width on the AC trace was measured to be ∼2.8 ps. Assuming a Gaussian pulse shape, the pulse width is ∼1.98 ps. At the full 5.6 W of pump power to the amp, nearly all pump power was absorbed and the average output power from the amp was 1.66 W. At the maximum power, amplified spontaneous emission (ASE) contribution to the power is estimated about 5% of the total output power, based on OSA spectra. Hence, the obtained pulse energy reaches to ∼525 nJ. This is an order of magnitude larger than the prior report from all-fiber configurations [10] . Its corresponding peak power is as high as 188 kW, with >27 dB gain from the seed peak power. 
Summary and Conclusion
In mode-locked fiber lasers, operating in a normal dispersion regime is a key for pulse energy scaling. However, this requirement has been left unsatisfied at 2 μm, seriously hindering the progress of high pulse energy mode-locked fiber laser at this wavelength region. We reported a normal dispersion Tm doped fiber as a possible solution to this persisting problem. The Tm fiber is designed with a W-type index profile that can adjust dispersion characteristics by introducing strong waveguide dispersion. We provide parametric studies to guide a design. The developed normal dispersion Tm fiber served as a gain medium for both oscillator and amplifier. Mode-locked soliton pulses near 2 μm was amplified to record high pulse energy for an all-fiber setup with pulse energy of ∼525 nJ in ∼1.98 ps pulse without pulse breaking. This represents high potential for mode-locked pulse energy scaling at 2 μm wavelength in all-fiber configurations.
